Abstract. The current study proposes an automatic method for the segmentation and tracking of red blood cells (RBCs) flowing through a 100 ȝm glass capillary. The measurements obtained with the proposed automatic method are compared with a manual tracking method using nonlinear optimization techniques.
INTRODUCTION
Blood flow in microcirculation is crucial for the normal function of tissues and organs. Detailed study of blood cells flowing in microvessels and microchannels is essential to provide a better understanding on the blood rheological properties and disorders in microcirculation [1] [2] [3] [4] [5] . Image analysis plays an extremely important role to obtain information about the blood rheology. However, most of the past blood flow experimental data have been performed manually [1] [2] [3] . Although manual methods can be highly reliable, these methods are relatively time consuming and can also introduce user errors into the data. As a result, it is crucial to develop image analysis methods able to get the data automatically. The present paper presents an approach able to track the RBCs trajectories automatically. Nonlinear optimization techniques were used to compare automatic and manual methods.
MATERIALS AND METHODS

Experimental Set-up
The confocal system used in this study consists of an inverted microscope (IX71; Olympus) combined with a confocal scanning unit (CSU22; Yokogawa), a diode-pumped solid-state (DPSS) laser (Laser Quantum) with an excitation wavelength of 532 nm and a high-speed camera (Phantom v7.1; Vision Research). The laser beam was illuminated from below the microscope stage through a dry 40u objective lens. The glass capillary was placed on the stage of the inverted microscope and by using a syringe pump (KD Scientific) a pressure-driven flow was kept constant (Re ~ 0.008). More detailed information about this system can be found elsewhere [1] .
The confocal images were captured around the middle of the capillary with a resolution of 640u480 pixel at a rate of 100 frames/s. Two image analyses methods were used in this study: manual method (MM) and automatic method (AM). 
RESULTS AND DISCUSSION
After obtaining series of ‫ݔ‬ and ‫ݕ‬ positions for both methods, data were exported for the determination of each individual RBC trajectory and to analyze the best mathematical function that approximates to the RBCs experimental flow behavior.
In this study it was measured and analyzed twenty five red blood cells at a temperature of 25 ºC. For each cell ݅, by using the MTrackJ plugin (MM) form ImageJ and the propose method (AM), we have obtained ൛൫‫ݔ‬ ǡ ‫ݕ‬ ൯ǡ ݆ ൌ ͳǡ ǥ ǡ ݇ ൟ data. To compare the consistency of both methods we decided to determine the better approximation for the data by using a nonlinear optimization [10] . Hence, we consider three different functions [5] (polynomials, sum of trigonometric functions and a sum of exponential functions) defined as:
where ‫‬ ‫א‬ ‫ܴܫ‬ ͳͲ , ܽ ‫א‬ ‫ܴܫ‬ ͻ ǡ ܾǡ ܿǡ ݀ǡ ݃ ‫א‬ ‫ܴܫ‬ ଼ are the function parameters and the vector ‫ݔ‬ ‫א‬ ‫ܴܫ‬ ݇݅ , where ݅ represents the cell number. To identify the functions parameters it was used the tool cftool present in Curve Fitting Toolbox from Matlab [11] .
The error of nonlinear least squares approximation of the selected RBCs are listed in the Table 1 , where RBC refers to the red blood cell number, ‫ܨ‬ ൌ σ ൫‫ݕ‬ െ ݂ ሺ‫ݔ‬ ሻ൯ ଶ ୀ is the nonlinear least squares approximation error of the function ݂ ሺ‫ݔ‬ǡ Ǥ ሻǡ with ݅ ൌ ͳǡʹǡ͵, Av refers the error average, and s corresponds to the standard deviation of the errors. The results, from Table 1 , indicate that the function ݂ ʹ ሺ‫ݔ‬ǡ ܽǡ ܾሻ (sum of trigonometric functions) was the best approximation, to the motion of the RBCs flowing in microchannels, for both methods. This is confirmed by the value of the error average. Another important aspect is the fact that the standard deviation of the errors is small when we use the function ݂ ʹ .
CONCLUSIONS
The present study indicates that the data obtained from the proposed automatic method (AM) is equivalent to data obtained from the manual method (MM) as the function that best approaches is the same, i.e., the function ݂ ଶ (sum of trigonometric functions). Hence, the proposed automatic method is a promising way to track blood cells flowing in microchannels.
